Motivated by field studies of the Ems estuary which show longitudinal gradients in bottom sediment concentration as high as O(0.01 kg/m 4 ), we develop an analytical model for estuarine residual circulation based on currents from salinity gradients, turbidity gradients, and freshwater discharge. Salinity is assumed to be vertically well mixed, while the vertical concentration profile is assumed to result from a balance between a constant settling velocity and turbulent diffusive flux. Width and depth of the model estuary are held constant. Model results show that turbidity gradients enhance tidally-averaged circulation upstream of the estuarine turbidity maximum (ETM), but significantly reduce residual circulation downstream, where salinity and turbidity gradients oppose each other. We apply the condition of morphodynamic equilibrium (vanishing sediment transport) and develop an analytical solution for the position of the turbidity maximum and the distribution of suspended sediment concentration along a longitudinal axis. A sensitivity study shows great variability in the longitudinal distribution of suspended sediment with the applied salinity gradient and six model parameters: settling velocity, vertical mixing, horizontal dispersion, total sediment supply, fresh water flow, and water depth. Increasing depth and settling velocity move the ETM upstream, while increasing freshwater discharge and vertical mixing move the ETM downstream. Moreover, the longitudinal distribution of SSC is inherently asymmetric around the ETM, and depends on spatial variations in the residual current structure and the vertical profile of SSC.
Introduction
Many estuaries (e.g., the Ems, Humber, Gironde) have extremely large sediment concentrations at their turbidity maximum (ETM). Suspended sediment concentrations and fluid mud of greater than 10 kg/m 3 have been reported for the Gironde and Humber estuaries (Abril et al., 1999 , Uncles et al., 2006 . At such large concentrations, sediment significantly affects the vertical density structure, causing stratification and a reduction of mixing (Munk & Anderson, 1948 , Kineke et al., 1996 , van der Ham et al., 2001 , Winterwerp, 2001 , thereby affecting tidal propagation for example (Gabioux et al., 2005) . 47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79 Previous model studies on the formation of estuarine turbidity maxima have treated suspended sediment as a passive material (not affecting the flow directly) whose distribution along an estuary is set by a balance between convergent residual circulation and the spreading effects of horizontal dispersion. For example, the tidally averaged numerical model of Festa and Hansen (1978) produces a convergence zone of sediment from the balance between gravitational circulation (Hansen & Rattray, 1965 , Officer, 1976 and freshwater discharge. More recent research has highlighted the importance of tidally varying processes on the formation of residual flows and sediment fluxes (Simpson et al., 1990 , Geyer, 1993 , Jay & Musiak, 1994 , Burchard and Baumert, 1998 .
The direct effect of large sediment concentrations on the longitudinal density structure (and hence residual current patterns) has not been investigated in estuaries. Dense fluid mud layers and down-slope turbidity-driven gravity flows have been modelled on the continental shelf (e.g., Parker et al., 1986 , Scully et al., 2002 , Friedrichs & Wright, 2004 . Although some numerical models have modelled fluid mud in estuaries (Le Hir et al., 2001a , Guan et al., 2005 , they have not explicitly investigated the dynamic effect of longitudinal gradients in sediment. In this paper we show that elevated sediment concentrations found in highly turbid estuaries significantly alter the along-estuary density structure. Using an analytical model based on the gravitational circulation model of Hansen & Rattray (1965) , we show that the resulting gradients of sediment concentration then produce turbidity-driven flows.
In this paper we also develop an analytical solution for the distribution of suspended sediment around the turbidity maximum, for basins with both small and large suspended sediment concentrations, using tidally-averaged flows. Using the analytical solution we investigate the changes to the position and shape of the longitudinal profile of suspended sediment as input parameters such as the salinity structure, freshwater discharge, and total amount of sediment available for resuspension are altered. In the next section we describe the measurements that motivate the inclusion of longitudinal sediment gradients in a model of tidally averaged circulation, which is introduced in Section 3. Results are presented in Section 4, followed by a discussion (Section 5) and conclusions. 80  81  82  83  84  85  86  87  88  89  90  91  92  93  94 The Ems-Dollard estuary is a partially mixed, mesotidal estuary (tidal range ~ 3.5 m) located on the border of the Netherlands and Germany (see Fig. 1 ). Between the North Sea barrier islands and the harbour town of Emden the water depth averages between 10 to 20 m, while much of the remaining 53 km to the tidal weir in Herbrum (km 100 in our coordinate system) is maintained at a navigable depth of ~ 7m. Tidal flats cover ~ 50 % of the estuary, and ~ 80 % of the Dollard sub-basin. Approximately 90% of the freshwater input into the estuary comes from the Ems River with an average freshwater discharge of ~ 100 m 3 /s (de Jonge, 1992) .
Observational Background
Between February 2005 and October 2006, we conducted nearly monthly cruises along the axis of the estuary (see Fig. 1 ). In addition, experiments have been conducted over a tide at selected cross-sections near the town of Pogum (see Fig. 1 ). For this paper, we refer to longitudinal data that was collected on September 28, 2005 and August 2, 2006, as well as cross-sectional data collected on February 15, 2005 . Moreover, we also use long-term monitoring data collected by the German state of Niedersachsen, the NLWKN, to estimate the tidally averaged salinity gradient (locations are displayed with an 'X' in Fig. 1 ). 95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141 During longitudinal cruises, salinity and turbidity were measured by an Aanderaa RCM-9 by pumping surface water through an on-board flow-through system. Vertical profiles of turbidity, salinity and depth were made with an RBR-XR620, a conductivity-temperaturedepth (CTD) profiler with an attached optical backscatter sensor (OBS). Data was logged internally and measured continuously at 6 Hz, and casts were made every 1-3 km (longitudinal cruise) or at varying phases of the tide (cross-sectional cruise). Water samples were either pumped or grabbed from near the CTD instrument at known times and depths, and were processed in a laboratory to obtain sediment concentrations. We calibrated the OBS data using ~ 150 water samples from the February 14 th /February 15 th experiment in both the linear and non-linear range using the method of Kineke et al. (1992) . Moreover, conductivity values were re-measured in each water sample after sediment had settled to the bottom, to ensure that the measured conductivity was not affected by high sediment concentrations. Results show that the variation in conductivity at different suspended sediment concentrations is not significant (< 0.5 psu). Fig. 2 shows the variation in surface salinity and turbidity (1-2 m below surface) along the longitudinal axis of the Ems estuary on September 28, 2005. Note that the measurements were taken approximately at the same tidal phase during the ebb tide. As the boat travelled upstream, salinity values decrease from about 17 psu to a minimum of about 0.5 psu in the upstream portion of the estuary. By contrast, turbidity begins to increase steeply at about 65 km from the North Sea, rising to a maximum at ~ km 78, and then decreasing slowly back towards background conditions. The profile of turbidity is asymmetric; downstream of the ETM, turbidity measurements are greater than 100 NTU (practical turbidity units) for ~10 km, while upstream this level is exceeded for ~ 20 km. We note that a hyperbolic tangent can be fit to the salinity profile. Fig. 3 provides a snapshot of both the vertical and longitudinal distribution of suspended sediment concentration (SSC) and salinity during the ebbing tide on Aug. 2, 2006, after a month of low flow conditions (< 30 m 3 /s). Salinity is well mixed over most of the estuary during this tidal phase, except for a small area between km 64 to km 70 in which near bottom salinity (corresponding with large SSC) is less than surface salinity. In the deeper portion of the estuary, sediment concentrations are quite small throughout the water column and are generally less than 0.1 kg/m 3 . Further upstream, a sudden increase in the sediment concentration occurs between km 62 and km 64. Near the bottom (< 2 m from the bed), fluid mud concentrations of between 10-80 kg/m 3 are found between km 64 to km 100. The maximum horizontal gradient in near-bed sediment concentration during this cruise is on the order of O(0.01 kg/m 4 ), and coincides with large longitudinal salinity gradients of O(0.001 psu/m) at the toe of the salt wedge. Interestingly, no distinct turbidity maximum occurs in the bottom concentration, although the largest absolute values occur between 70-75 km. Rather, the 36 km stretch from km 64 to the tidal weir at km 100 is a contiguous zone of high bottom sediment concentrations with pools of fluid mud 1-2 m thick covering the bed. 142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161 4 ), though the location of the maximum gradient is shifted upstream by ~ 10 km. Compared to the ebb, the stronger flood currents have mixed sediment higher in the water column. Throughout the domain, salinity is well mixed in the vertical direction during this tidal phase. The comparison of Fig. 3 and Fig. 4 show that large sediment concentration gradients are present during both the flood and ebb tides, and that salinity is well mixed or partially mixed over most of the measured domain.
Results
The large bottom sediment concentrations observed during the longitudinal cruise of Aug. 2, 2006 are echoed in the results of fixed measurements taken at ~km 54 (46 km from weir) over two tidal periods on Feb. 14 th , Feb. 15, 2006 (Fig. 5 ). Fig. 5a shows a scatter plot of suspended sediment concentration (SSC) vs. depth found from water samples, along with the average SSC found from 21 CTD/OBS casts. Sediment concentrations range from ~ 0.3 kg/m 3 at the surface to greater than 70 kg/m 3 at the bed. Variations are also observed with tidal phase, with SSC being mixed higher into the water column during the more energetic flood tide.
Each profile of concentration C(z) found from the 21 OBS/CTD casts is fitted to an exponential profile of
, where C b is the bottom concentration, z is the vertical coordinate measured upwards from the surface, H is the water depth, and r is a decay coefficient. Fig. 5b shows that the observed variation in the decay coefficient r between different casts ranges from 0. 5 m   162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177 -1 to 1.1 m -1 , with the smallest values observed during the energetic flood. Thus, to a first order, the vertical distribution of suspended sediment (even in this highly stratified environment) follows an exponential profile. An exponential profile with the mean decay coefficient of r = ~0.8 m -1 is shown in Fig. 5a , and shows a reasonable fit to the data. The scatter of the sediment concentration data around the mean exponential profile attests to variation in SSC between different casts.
These experimental results show that suspended sediment concentrations can significantly alter the density structure of a estuary, both in the vertical and longitudinal direction. In particular, the sediment concentration gradients downstream of the ETM are particularly sharp and coincide spatially with significant salinity gradients. These observations lead directly to the analytical model which is the focus of this paper. 178  179  180  181  182  183  184  185  186  187  188 The system of tidally-averaged equations presented below is solved analytically to obtain an equilibrium distribution of sediment along the longitudinal axis of a river, and the resulting tidally averaged circulation patterns. The origin of the Cartesian coordinate system is set at the water surface, with the z-axis pointing vertically upward and the positive longitudinal direction x going into the estuary (upstream). The setup closely follows the classic formulation of gravitational circulation (Hansen and Rattray, 1965) , which assumes that salinity (s) is well mixed in the vertical direction and that eddy viscosity (A v ) is constant. The Boussinesq approximation is applied, and salinity varies gradually in the horizontal direction. We also assume that the height variation induced by the surface slope is insignificant relative 189 190 191 192 193 to the depth (rigid-lid assumption). Pressure is assumed to be atmospheric at the water surface. A synopsis of assumptions is given in Fig. 6 . 
Model
Mathematically, the horizontal momentum equation is a balance between the longitudinal pressure force (1st and 2nd term on right hand side of Eq. 1) and the internal friction force (3 rd term on right hand side of Eq. 1 ). Using continuity and the rigid-lid assumption, we require that the total flow of water through a cross-section of width b and height H is equal to the prescribed freshwater flow, Q (Eq. 2). The freshwater discharge Q is a negative quantity in our coordinate system. To solve these equations, we apply the no-slip condition at the bed and assume that no stress is applied at the water surface: Furthermore, we define the density ρ as a linear function of both the salinity s(x) and the suspended sediment concentration C(x,z), where S b is the salinity as x approaches infinity, S * is the salinity scale , x c defines the position of the maximum salinity gradient, and x L defines the length-scale over which salinity varies. Next, using scaling arguments, it follows in leading order that the vertical distribution of suspended sediment is a balance between the settling of sediment and its upwards diffusion by turbulent mixing (more detail is given in the electronic supplement):
where w s is the constant settling velocity of sediment and K v is the eddy diffusivity. For simplicity, we set K v equal to A v . At the top and bottom boundary we assume that no flux of sediment occurs, 
where K h is the tidally averaged longitudinal diffusion coefficient. More information is given in the electronic supplement; the concept of morphodynamic equilibrium is also discussed in Friedrichs et al. (1998) and Huijts et al., 2006 . To close the model, we define the average amount of bottom sediment available for resuspension over a channel of length L by the parameter c * , Hence, the total mass of sediment in the domain of length L is constrained by c * . From this set of equations (Eq. 1-10) we can derive an analytical solution for residual circulation and the equilibrium distribution of sediment concentration as a function of the salinity profile s(x) and seven independent parameters: H, A v , Q, w s , K h , c * , and L. 260  261  262  263  264  265  266 To obtain an estimate of tidally averaged circulation patterns for a given distribution of suspended sediment concentration and salinity, we first solve Eq. 7 to obtain the vertical distribution of sediment concentration as a function of the bottom sediment concentration 
Salinity and Turbidity induced Circulation
Eq. 12 specifies the residual circulation as a function of ζ, Pe v , the salinity gradient (ds/dx), and the gradient in bottom sediment concentration dC b /dx, provided that the assumptions in the model are met. The functions k 1 (ζ )and k 2 (ζ , Pe v ) are defined in the appendix and describe the dimensionless vertical structure of salinity-gradient driven currents and turbidity-gradient driven currents, respectively. If k 2 or dC b /dx in Eq. 12 are set to zero, the gravitational circulation model of Hansen and Rattray (1965) is recovered. 289  290  291  292  293  294  295  296  297  298 Equation 12 describes the tidally-averaged currents that occur given the observed gradients of turbidity and salinity in an estuary. However, the solution assumes a-priori knowledge of the longitudinal gradients in sediment concentration. To obtain an equilibrium solution for the distribution of sediment (and hence the concentration gradient), we next apply the condition of morphodynamic equilibrium (Eq. 9). After substituting the expression for sediment concentration (Eq. 11) and velocity (Eq. 12) into Eq. 9 and integrating over the vertical, we obtain a differential equation for the bottom sediment concentration
Solution for Near-bed Concentration
(13) 299 300 301 302
The terms F S , F Q , F T , and F K represent the vertically integrated sediment flux (sediment transport) due to salinity gradients, freshwater discharge, turbidity-gradient driven currents, and longitudinal dispersion, respectively. The parameters T S , T T  303  304  305  306  307  308 , T Q , and T K are functions of Pe v =w s H/K v (sediment Peclet number) and are defined in the appendix.
Eq. 13 is integrated with respect to x to yield an implicit solution for the distribution of bottom suspended sediment concentration: 1 in the limiting case in which the contribution of turbidity currents are neglected (F T = 0). Using the initial solution for A 1 , a root finding algorithm is next used to solve for C b (x) in Eq. 14. The calculated value of C b (x) is next used to re-estimate A 1 , which is then used to reestimate C b (x) (Eq. 14). This is repeated until the solution for the sediment concentration C b (x) and the constant A 1 have converged. 322  323  324  325  326  327  328  329  330  331  332  333 The solutions presented in section 3.1 and 3.2 present two related but distinct results. Section 3.1 describes the circulation that occurs when significant gradients in both salinity and sediment concentration occur, while section 3.2 describes a solution for the equilibrium distribution of bottom SSC at the turbidity maximum. Therefore, we separate the results of these two distinct (but related) facets of the model. Unless otherwise specified, we use the default parameter values listed in Table 1 , which reflect typical values found in mesotidal estuaries such as the Ems. The four parameters of the salinity profile are found by making a least squares fit to tidally averaged salinity data from the long-term monitoring stations on the Ems River, and are typical of the low discharge conditions observed in the summer of 2005. 334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354 The expression for density-driven circulation (Eq. 12) is used to investigate the vertical current structure both upstream and downstream of the turbidity maximum (Fig. 7) , independent of whether the system is in morphodynamic equilibrium. The values of the salinity gradient and turbidity gradient are based on observed salinity and turbidity gradients in the Ems estuary. Downstream of the ETM, we apply a salinity gradient of -5 · 10 -4 psu/m, while upstream the salinity gradient decreases and is on the order of -1 · 10 -4 psu/m. Similarly, the gradient in bottom sediment concentration is specified as 0.008 kg/m 2 in the downstream direction, and is assumed to be -0.001 kg/m 2 in the upstream direction. River inflow Q is neglected.
Results

Density driven currents
Upstream of the ETM, the residual currents induced by salinity and turbidity gradients both act in the upstream direction (Fig. 7a) . Thus, although both the turbidity and salinity gradients are less than downstream of the ETM, they act together to magnify the overall upstream flow near the bottom and the seaward flow at the surface. Compared to salinity gradient driven flow, the maximum upstream current from turbidity gradients occurs closer to the bed. Downstream of the ETM, turbidity currents and salinity-induced currents act in opposing directions, and the combined magnitude of the residual circulation is reduced (see Fig. 7b ).
Compared to the case of salinity-gradient only flow, the combined landward flow is shifted upwards in the water column. Moreover, for the parameter values chosen, the combined residual current shown in Fig. 7b is characterized by a three-layer circulation pattern: turbidity gradients drive seaward flow near the bottom, salinity gradients drive landward flow in a middle layer, and the barotropic pressure gradient drives a seaward return flow in the top layer. Such a three layer circulation can only occur when the order of magnitude of turbidity currents are the same as salinity driven currents (see Eq. 12), and implies that ( ) The vertical distribution of SSC, which depends on the sediment Peclet number Pe v (see Eq. 11), affects turbidity gradient driven circulation through the function k 2 (ζ , Pe v ) in Eq. 12. Figure 8 compares the dimensionless vertical structure of currents caused by salinity gradients and turbidity gradients, as defined respectively by the functions k 1 (ζ )and k 2 (ζ , Pe v ) in the appendix. For small Pe v (e.g., Pe v =0.1), the vertical profile of k 2 approaches the vertical profile caused by salinity gradients, k 1 . As Peclet number increases, the near-bed maximum of k 2 is shifted towards the bed, and the magnitude decreases (Fig. 8); between Pe v =0.1 and Pe v =100, the typical magnitude decreases by four orders of magnitude. Therefore, the magnitude of turbidity currents decrease as Pe v increases, and are negligible for large Pe v (see Eq. 12).
This result can be understood by scaling the time for a particle to settle through a water column (τ settling ) as H/w s , and the time scale for mixing through the water column (τ mixing ) as H 2 /K v . Hence we can rewrite the Peclet number as
When the time scale for settling is small in comparison to the mixing time scale (Pe   373   374  375  376  377  378  379  380  381 v large), turbidity currents are greatly suppressed. Suspended sediments are concentrated close to the bed (Pe v large), and the no-slip condition (Eq. 3) enforces zero velocity and reduces k 2 . When the time scale for mixing the water column is small compared to the settling time (Pe v small), SSC is shifted upwards in the water column. As a result, the effect of the bed is decreased and the turbidity currents are enhanced. For small Pe v , suspended sediment approaches uniformly mixed conditions, and the vertical profile of k 2 approaches k 1 . 382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401 An example of the equilibrium distribution of bottom SSC (Eq. 14) is shown in Fig. 9a To compare variations to the shape of the sediment distribution, each profile is normalized by the value of SSC at its turbidity maximum. The longitudinal axis is divided by x s = x c + x L = 65.5 · 10 3 m, which is an approximate scale for the salinity intrusion into the Ems estuary during low freshwater discharge conditions.
Equilibrium distribution of sediment
As c * becomes larger, the spread of SSC relative to its maximum value (C b /C max ) increases, particularly in the upstream direction. However, the position of the turbidity maximum remains constant, indicating that c * only affects the distribution-but not the maximum-of suspended sediment. The distribution of SSC is explained by considering the four components of sediment transport defined by Eq. 13 for different values of c * (Fig. 9b-Fig. 9g ). For comparison, we normalize each component of transport by the maximum transport due to salinity gradients (F S ) and present the relative magnitude over the model domain on a logarithmic scale. Arrows indicate that the transport from gravitational circulation (F S ) is directed upstream and that the transport from freshwater discharge (F Q ) is directed downstream (Fig. 9b,Fig. 9d, and Fig. 9f ). The transport from dispersion (F K ) and turbidity currents (F T ) oppose the turbidity gradient dC b /dx, and hence serve to spread sediment away from the maximum at x/x s ~ 1.3 (Fig. 9c, Fig. 9e, Fig 9g) . The sum of the four transport components-as defined by Eq. 13-is zero at each longitudinal position. 402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449 As shown in Fig. 9b, Fig. 9d, and Fig. 9f , downstream sediment transport from freshwater discharge (F Q ) dominates over upstream sediment transport from the salinity gradient (F S ) at both the landward and seaward limit of the model domain. In between, from x/x s ~ 0.35 to x/x s ~ 1.3, F S dominates over F Q . At x/x s ~ 1.3, the convergence of sediment transport from gravitational circulation (F S ) and freshwater discharge (F Q ) form the classical ETM (Festa & Hansen, 1978) . The sediment transport rate F S and F Q also balance each other at x/x s ~ 0.35, but are oriented in opposite directions. Hence, the divergence of vertically integrated fluxes F S and F Q at x/x s ~ 0.35 describes a turbidity minimum.
The relative importance of sediment transport from turbidity currents (F T ) compared to dispersion (F K) is investigated in Fig. 9c, Fig. 9e, and Fig. 9g . For the standard parameter values presented in Table 1 , dispersive transport (F K ) dominates dominates over transport from turbidity currents (F T ). As the sediment supply increases (c * = 10 kg/m 3 ), transport from turbidity currents is still smaller than dispersive transport (Fig. 9e ), but has a corrective effect on the distribution of SSC (Fig. 9a ). At extremely large values of c * (or small values of dispersion) turbidity currents dominate the spread of sediment away from the turbidity maximum (Fig. 9g ). For large settling velocity, the vertical sediment distribution shifts towards the bed and upstream currents push sediment further upstream. This results in a relative increase in transport from salinity gradients compared to freshwater discharge, and hence an upstream shift in the location of the ETM (compare Fig. 10b, Fig. 10d, and Fig. 10e ). Because turbidity-gradient driven currents decrease at large Pe v , the relative contribution of F T decreases as w s increases (compare F T in Fig. 10c and Fig. 10g ).
For small values of settling velocity and sediment Peclet number (< 1), the distribution of SSC becomes well mixed. As a consequence, sediment transport from freshwater discharge (F Q ) increases (freshwater discharge is largest at water surface), while the vertically integrated flux from salinity gradients (F S ) vanishes (because the vertically integrated gravitational circulation is zero). Hence, as shown in Fig. 10c , freshwater discharge becomes increasingly dominant as w s and Pe v decrease. The two limits-freshwater dominated or salinity dominated fluxesresult in a large spread of SSC, while the intermediate case results in the smallest horizontal spread. Fig. 11 shows the variation in longitudinal SSC that results from varying width-averaged freshwater discharge q=Q/b (Fig. 11a) , depth H (Fig. 11b) , horizontal dispersion coefficient K h (Fig. 11c) , vertical eddy viscosity A v = K v (Fig. 11d) , the position of the maximum salinity gradient x c (Fig. 11e) , and the lengthscale of the salinity gradient x L (Fig. 11f) . To isolate the sensitivity of each parameter on the model, we neglect the effect that each parameter has on the others (for example, we neglect the effect of changing horizontal dispersion on the salinity field). 450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490 As width averaged freshwater discharge q=Q/b (Fig. 11a) or vertical mixing (K v =A v , Fig.  11d ) increase, the location of the ETM moves downstream; for large enough values, all the sediment piles up at the seaward boundary and is essentially expelled from the system (see K v = A v =0.01 m 2 /s case). The opposite trend is observed for depth: Doubling the depth from 5 m to 10 m moves the ETM far upstream, and makes the distribution of SSC highly asymmetric around its maximum. Changing the location of the maximum salinity gradient, x c , simply shifts the SSC distribution (Fig. 11e) . By contrast, increasing the salinity gradient (decreasing x L ) moves the turbidity maximum downstream and increases the gradient of SSC downstream of the maximum. As with the sensitivity study of c * , varying the dispersion coefficient K h only changes the distribution of SSC, but not the position. For the small value of K h = 10 m 2 /s, it can be shown that sediment transport rates from turbidity currents (F T ) dominate over those of dispersion (F K ).
The observed variability of SSC in Fig. 11 results from changes to both the residual circulation structure and the vertical distribution of sediment. Factors that increase near bottom currents over the model domain, such as increased depth or decreased mixing (see Eq. 12), result in an upstream shift of sediment. An increase in surface currents (e.g., freshwater discharge) results in a downstream shift. As occurs with settling velocity (Fig. 10) , changes to the sediment Peclet number-i.e., increased depth or decreased mixing-also concentrate SSC closer to the bed and enhance the upstream movement of SSC.
The sensitivity studies in Fig. 9, Fig. 10 , and Fig. 11 show that the equilibrium distribution of sediment in our channel model is generally asymmetric around its maximum. This asymmetry forms because different physical mechanisms control the sediment transport balance on either side of the ETM. For the standard parameter values in Table 1 , the morphodynamic equilibrium (and hence distribution of SSC) is determined primarily by a balance between sediment transport from gravitational circulation (F S ) and dispersion (F K ). Upstream of the ETM, the balance of sediment transport is formed between freshwater discharge (F Q ) and dispersion (F K ). In the sensitivity study, factors which change only F S (e.g., x L in Fig. 11g ) only change the downstream distribution of turbidity, while factors which enter only F Q (e.g., freshwater discharge in Fig. 11a ) primarily affect the upstream distribution. Moreover, the differing effect of parameters on transport rates F Q and F S (e.g., see depth H in Eq. 14) produces longitudinal asymmetry. As shown in Fig. 9 , transport from turbidity currents (F T ) become increasingly important relative to dispersion (F K ) for large c * or small K h . Turbidity currents enhance asymmetry because they act against salinity gradients downstream of the ETM, but are oriented in the same direction upstream of the ETM. 491  492  493  494  495  496  497 The equilibrium distribution of sediment implies an equilibrium distribution of turbidity currents for each set of model parameters. The circulation pattern resulting from the salinity gradient, the turbidity gradients, and their superposition are shown in Fig. 12 for the case of high sediment concentration (c * =200 kg/m 3 ). The upper panel (Fig. 12a) shows gravitational circulation driven by salinity gradients, with a landward current occurring near the bottom with a maximum of 0.04 m/s and a seaward return current near the surface with a maximum of 0.058 m/s. As the salinity gradient vanishes in the upstream direction, the gravitational circulation becomes quite small, with velocities on the order of magnitude of 10   498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519 -4 m/s. Downstream of the turbidity maximum, turbidity currents (Fig. 12b) oppose the salinity driven currents, with near bottom currents heading seaward and surface currents heading landward. For the chosen c * of 200 kg/m 3 , the estimated turbidity currents are the same order of magnitude, but somewhat smaller, than the salinity-gradient induced circulation: seaward bottom currents peak at 0.027 m/s, while landward surface currents peak at 0.028 m/s. Compared to salinity-gradient driven flow, near bottom flow due to turbidity gradients is centered lower in the water column; however, at equilibrium, no three layer flow is observed. The position of the maximum turbidity-driven current occurs ~ 1 km upstream of the maximum salinity driven current, indicating that the maximum gradient of salinity and turbidity (which oppose each other) are nearly coincident. As a result, the combined circulation (Fig. 12c) is significantly reduced downstream of the turbidity maximum, with a peak bottom velocity of 0.018 m/s in the upstream direction. The maximum combined current is located 1400 m seaward of the maximum salinity-gradient driven flow. Upstream of the turbidity maximum, turbidity gradients greatly enhance the upstream flow due to salinity gradients. The combined circulation is small, with a maximum of 8.8*10
Equilibrium structure of velocity
-4 m/s, or ~ 75 m per day. Over the time scales considered (order of weeks), this upstream transport can become significant. 520  521  522  523  524  525  526  527  528 The sensitivity studies (Fig. 10 & Fig. 11 ) show that six model parameters (w s , A v , q, x L , x c , and depth H) alter the longitudinal position of the turbidity maximum, x ETM . Applying the definition that dC b /dx =0 at the ETM, it follows from Eq. 13 that x ETM is determined by sediment transport rate from the salinity gradient (F S ) and the freshwater discharge (F Q ), but not by turbidity-gradient driven flows (F T ) or dispersive transport (F K ). Substituting the longitudinal salinity profile s(x) (Eq. 6) into Eq. 13, it follows that: As the term in brackets approaches zero, the inverse hyperbolic tangent approaches zero (Q is negative). When the term in brackets approaches one, the inverse hyperbolic tangent approaches infinity. Within this range of values the term in brackets must operate for an ETM to exist in the model domain. Because of the ~ 1/H 4 dependence on depth, we expect that changes to depth will have the greatest impact in the location of the ETM. Depth, mixing, and settling velocity also enter through the ratio of T Q /T S , which depends on the sediment Peclet number Pe v .
Location of estuarine turbidity maximum
Using Eq. 15, we construct the theoretical variation of the position of the ETM vs. freshwater discharge for three depths (H=5 m, 7 m, and 10 m; see Fig. 13 ). The standard values for settling velocity, eddy viscosity, and the salinity profile given in Table 1 are applied. With the exception of the high discharge limit, Fig. 13 shows that the position of the ETM varies linearly with the logarithm of freshwater discharge (for a constant salinity profile). This is a consequence of the definition of the inverse hyperbolic tangent, which is tanh 543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580 -1 (z) = log( (1+z)/(1-z) ). Figure 13 also shows that the position of the ETM is strongly dependent on depth. Increasing depth from 5 to 7 m moves the ETM upstream by ~ 10,000 m, while deepening from 7 m to 10 m produces an additional ~ 10,000 m upstream migration.
As the argument in Eq. 15 approaches zero, x ETM approaches the location of the maximum salinity gradient, defined by x c (see Eq. 6). For values less than negative one, there is no real solution. Practically speaking, this means that sediment transport rates from freshwater discharge (F Q ) are larger than those from the salinity gradient (F S ) at all points in the model domain. Hence, no ETM forms and sediment is flushed out of the estuary by the freshwater discharge. Such flushing of sediment is often observed under high freshwater discharge conditions (for example, in the Seine estuary; see Le Hir et al., 2001b) .
As depth is increased, the freshwater discharge Q required to push the turbidity maximum to the critical position x c greatly increases. As Fig. 13 shows, deepening from 5 to 7 meters requires freshwater discharge that is a factor of ~ 5 greater to reach the same position x c . A doubling of depth from 5m to 10 m requires a factor ~27 greater freshwater discharge (q=Q.b) before the turbidity maximum reaches x c . For the same variation in freshwater discharge over time, the occurrence of a 'critical discharge' is therefore much less likely for a deep estuary. This is qualitatively observed in the Ems estuary, where an upstream migration of the ETM and an increase in the suspended sediment load has been observed (e.g., Wurpts & Torn, 2005) after deepening from 5 m to 7 m between 1984 and 1994. The increased accumulation of sediment after deepening is qualitatively consistent with an increased "critical discharge" needed to export sediment out of the estuary. Because sediment can not leave, over time sediment accumulates and SSC rises.
Because each value of the salinity gradient occurs twice, the freshwater discharge (F Q ) and salinity gradient (F S ) terms in Eq. 13 balance each other twice. Since the second derivative of the downstream balance is positive, this solution describes an estuarine turbidity minimum (see Fig. 9 and Fig. 10 ), or a point where the sediment transport rates from salinity gradients (F S ) and freshwater discharge (F Q ) are oriented in opposite directions. The location of the turbidity minimum, X min , is described by changing the sign of the second term on the right hand side of Eq. 15 to a minus sign. Hence, the turbidity minimum is located the same distance downstream of the maximum salinity gradient (given by x c ) as the turbidity maximum is located upstream. Any process that moves the turbidity maximum upstream (such as decreasing flow or increasing depth) moves the turbidity minimum downstream. 581  582  583  584  585  586  587  588  589  590 From the model sensitivity study (Figs. 9-11 ) and the analysis of the position of the turbidity maximum (Eq. 15) we can infer the effect of changing conditions on the location and distribution of sediment. Our model predicts that the variation in eddy viscosity observed over a spring neap cycle might lead to an upstream migration of the ETM during neap tides (smaller eddy viscosity A v ). By analogy with Fig. 11 , the longitudinal spread during times of reduced mixing (e.g., neap tides) should increase. Similarly, seasonal variations in settling velocity can drive variations in the location of the ETM and its trapping efficiency. For example, Sanford et al. (2001) found that particles bypassed the ETM zone of the Chesapeake during winter, but were effectively trapped during the autumn; this was attributed in an order of magnitude increase in the median settling velocity from 0.3 mm/s to 3 mm/s. As shown in Fig. 10 , our model also finds that particles with a small settling velocity are flushed out of the estuary, while heavier particles are deposited progressively further upstream. This is because larger particle sizes are distributed closer to the bottom (larger sediment Peclet number), and are moved upstream by bottom currents. 591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638 The asymmetric longitudinal profiles of SSC predicted by the model are also observed in field measurements of the Ems (see Figs. 2-4) . For example, the downstream profile of surface turbidity in September 2005 is characterized by sharp gradients over ~ 10 km, while the upstream turbid zone is larger (~ 20 km) and has smaller gradients. Similarly, during low flow conditions on August 2, 2006, sediment concentrations during both the flood and ebb are asymmetrical, with a sharp decrease in SSC evident seaward of the turbid zone. Asymmetry in longitudinal SSC is also observed in the model, with the turbidity zone particularly large upstream of the ETM for low discharge or large depth (Fig. 11) . The observed similarities between the model and the measurements suggest that the parameters which control the asymmetric distribution of longitudinal SSC in the model (such as sediment concentration, vertical mixing, settling velocity, longitudinal dispersion, and depth) also influence sediment distribution in a real estuary with complex bathymetry. Moreover, the model also suggests that the high sediment concentrations measured in the field produce turbidity driven flows which feedback into the equilibrium profile of sediment (see Fig. 9 ). Because of the asymmetry in the longitudinal profile of SSC, the largest turbidity-driven currents generally occurs downstream of the ETM, in the vicinity of the maximum longitudinal salinity gradient. The exact location of the maximum turbidity gradient (and turbidity currents) is determined by the second derivative of C b (x), and hence depends on freshwater discharge as well (see Eq. 14).
Discussion
To be clear, though, the channel model is not predictive but rather gives insights into some of the physical processes occurring at the turbidity maximum. Indeed, the model neglects stratification and the tidal variation of flow and their effect on mixing, residual flow structure, and sediment fluxes. Multiple studies have pointed out the asymmetry in mixing that occurs in estuaries between the unstratified flood tide and the stratified ebb tide (Simpson et al., 1990 , Jay & Musiak, 1994 , Stacey et al., 2001 . Such tidal asymmetry in mixing produces near bottom flows that enhance residual currents from salinity gradients Musiak, 1994, Burchard and Baumert, 1998) and alter the position of the ETM. Another source of residual circulation is the return flow caused the correlation of water level and surface velocity (e.g., Stanev et al., 2007) . Bed stress asymmetry (Jay & Smith, 1990) , asymmetry in eddy diffusivity (Geyer, 1993) , asymmetries in tidal velocities (e.g. Allen et al., 1980) , width convergence (Friedrichs et al., 1998) and settling lag and scour lag effects (Postma, 1967) drive sediment fluxes not included in our model. Flocculation processes cause the settling velocity of cohesive sediment to vary spatially and temporally, as does hindered settling at high concentrations (van der Lee, 2000 , Winterwerp, 2002 . Spatial variation in eddy diffusivity likely occurs due to stratification effects (Munk & Anderson, 1948) and longitudinal changes in tidal velocity. The longitudinal dispersion coefficient K h varies with depth, freshwater discharge, and position (e.g. Monismith et al., 2002) , while the salinity field depends on K h , freshwater discharge, and likely, as suggested by this contribution, currents driven by large turbidity gradients. These studies mentioned above show that the residual flow structure and sediment flux in estuaries is more complex than a simple balance between fresh water input, horizontal dispersion, and gravity currents driven by salinity gradients and turbidity gradients (as our model suggests). Nonetheless, our model gives insight into the parameters that govern turbidity-gradient driven currents and the distribution of sediment in estuarine environments and provides a starting point for including more complex, tidally varying processes. 639  640  641  642  643  644  645  646  6. Conclusions  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686 This paper introduces a model of estuarine circulation and sediment distribution that is forced by freshwater discharge and gradients in both suspended sediment concentration and salinity. The model uses many of the assumptions used in the classical model of gravitational circulation by salinity gradients (Hansen & Rattray, 1965) ; importantly, however, sediment is not well mixed in the water column like salinity but rather is modelled as a balance between the settling velocity of sediment and the upwards diffusion by turbulence. As a consequence, the resulting vertical distribution of sediment-and hence the longitudinal gradients of sediment concentration-increase exponentially as the bed is approached. Over a tide, this exponential vertical profile is well reproduced by data from the Ems estuary (Fig. 5) , and suggests that the ratio of settling velocity to eddy diffusivity (w s /K v ) is constant in leading order. Because the longitudinal gradient in sediment concentration drives circulation, the sediment Peclet number (Pe v = w s H/K v ) controls both the vertical distribution of sediment and the magnitude and distribution of turbidity-driven currents (see Eq. 11 & Eq. 12) . Large values of Pe v concentrate sediment near the bed and reduce circulation, while smaller values of Pe v elevates sediment into the water column, reducing the effect of the bed and resulting in enhanced circulation by turbidity gradients.
For estuaries with high sediment concentrations (e.g., Ems, Humber, Gironde), the model suggests that turbidity-induced currents work against salinity induced circulation downstream of the ETM, but occur in the same direction upstream of the ETM. At high concentrations of sediment, turbidity currents are sufficient to alter the distribution of sediment along the longitudinal axis of the model, particularly in the upstream direction. When sediment concentration gradients are small, sediment transport from dispersion dominate over turbidity currents.
Many factors produce asymmetry in the longitudinal distribution of SSC, and include the salinity structure, the freshwater discharge, and other model parameters such as the depth, vertical mixing coefficient, total sediment supply, and settling velocity. Downstream of the ETM, the distribution of sediment is controlled by a balance between the upstream sediment transport from gravitational circulation (induced by salinity distribution) and the downstream sediment transport caused by turbidity-gradient driven currents and/or horizontal dispersion. Variations to gravitational circulation and its interaction with the vertical profile of sediment (controlled by the sediment Peclet number) cause changes to the downstream profile of SSC. The distribution of SSC upstream of the ETM is dominated by a balance between the downstream sediment transport from freshwater discharge and the upstream sediment transport from horizontal dispersion and/or turbidity currents. Variations to freshwater discharge and its interaction with the sediment Peclet number alter the upstream distribution. Increasing depth, horizontal dispersion, and settling velocity serve to increase the upstream spread of sediment, as do decreasing eddy viscosity and freshwater discharge. The differing physics controlling the spread of turbidity upstream and downstream of the turbidity maximum thus result in inherent asymmetry. 687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706  707  708  709 The modelled position of the turbidity maximum occurs at the convergence of vertically integrated fluxes from freshwater discharge and salinity-gradient induced flows, and is unaffected (by definition) by turbidity-driven currents and dispersion. The position of the ETM is most sensitive to changes in depth, but also depends on the applied salinity profile, settling velocity, eddy viscosity, and freshwater discharge. When sediment transport rates from freshwater discharge exceed those from the salinity gradient everywhere in the model domain, no solution for the ETM occurs and sediment is flushed out of the estuary. The critical value of this freshwater discharge is greatly increased as depth is increased, and suggests that deeper estuaries likely accumulate more sediment over time (given that other parameters such as salinity structure and freshwater discharge are similar).
Our model for the equilibrium distribution of sediment concentration assumes the simplest configuration possible in order to gain physical insight into the system. This process based approach points out the fundamental aspects of turbidity induced circulation and parameters which control the distribution of sediment. Because of its simplicity, the model is well suited for understanding the physics of estuarine turbidity maximums and for serving as a test case against which more complex analytical and numerical models can (and should) be tested. 
